ABSTRACT The hunting billbug, Sphenophorus venatus vestitus Chittenden, is a pest that damages stems, rhizomes, and roots of zoysiagrass through a combination of adult and larval feeding. Management of this pest is difÞcult because it has multiple, overlapping generations in the southern United States, and symptoms of infestations are often misdiagnosed and inappropriately treated as drought stress or disease. Experiments were conducted in a greenhouse where 18 zoysiagrass cultivars were potted and infested with S. v. vestitus adults to examine the response of zoysiagrass genotypes to S. v. vestitus feeding damage. Results showed that zoysiagrass species and cultivars differed in susceptibility to S. v. vestitus, indicating that variable tolerance may exist in these turfgrasses for improvement through breeding. In general, Zoysia japonica Steudel was more susceptible to S. v. vestitus feeding damage and supported more S. v. vestitus than Zoysia matrella (L.) Merrill. Among the Z. japonica cultivars, ÔBelairÕ and ÔZenithÕ had less desirable agronomic traits and incurred greater feeding damage than other cultivars more tolerant to billbug damage. With Z. matrella, ÔDiamondÕ and ÔPristine FloraÕ displayed superior agronomic traits and had the least feeding damage and lowest infestations of billbug immatures and were therefore considered the most tolerant or resistant Z. matrella cultivars tested. Results indicate that stem diameter may be an important factor for adult feeding and oviposition site selection, which might explain the different responses between Zoysia spp. to S. v. vestitus damage.
Plant resistance is a cost-effective and environmentally responsible means of turfgrass pest management, compared with strict reliance on insecticides (Luginbill 1969) . Some warm season turfgrass cultivar evaluations in the southeastern United States have been reviewed by Quisenberry (1990) . Cultivar differences in plant tolerance have been detected against soil pests such as grubs (Coleoptera: Scarabaeidae) and mole crickets (Orthoptera: Gryllotalpidae: Scapteriscus spp.) (Reinert and Busey 1984 , Potter et al. 1992 , Braman et al. 2000 , Bughrara et al. 2003 . Different Bermuda grass (Cynodon spp.) cultivars exhibit antibiosis against the fall armyworm, Spodoptera frugiperda J. E. Smith (Quisenberry and Wilson 1985 , Jamjanya and Quisenberry 1988 , Croughan and Quisenberry 1989 , and several St. Augustinegrass, Stenotaphrum secundatum (Walter) Kuntze, cultivars have demonstrated antibiosis against the southern chinch bug, Blissus insularis Barber (Reinert and Dudeck 1974 , Busey 1993 , Nagata and Cherry 2003 , Rangasamy et al. 2006 . Bermuda grass cultivars also show a range of tolerance or resistance to damage induced by the Bermuda grass mite, Eriophyes cynodoniensis Sayed (Reinert et al. 1978 (Reinert et al. , 2008 . In addition, several zoysiagrass (Zoysia spp.) cultivars are resistant to Sp. frugiperda (Chang et al. 1985) and Banks grass mite, Oligonychus pratensis Banks (Busey et al. 1982) . Although cultivar differences in Kentucky bluegrass, Poa pratensis L., and perennial ryegrass, Lolium perenne L., have been identiÞed for the bluegrass billbug, Sphenophorus parvulus Gyllenhal (Lindgren et al. 1981; Funk 1982, 1983; Kindler et al. 1982) , little is known about warm season turfgrass cultivar resistance to other billbug species (Kindler et al. 1983 , Reinert 2001 . Recently, Reinert et al. (2011) reported that Zoysia matrella (L.) Merrill appeared to be more resistant than Zoysia japonica Steudel after evaluating four Z. matrella cultivars and Þve Z. japonica cultivars.
The hunting billbug, Sphenophorus venatus vestitus Chittenden, is the most abundant, widespread, and damaging billbug in warm season turfgrasses in the United States (Johnson-Cicalese et al. 1990 ). Its primary hosts are Bermuda grass and zoysiagrass, but it also infests bahiagrass, Paspalum notatum Fluegge, centipedegrass, Eremochloa ophiuroides (Munro) Hack, and St. Augustinegrass, S. secundatum (Kelsheimer 1956 , Oliver 1984 . Damage caused by S. v. vestitus is often misdiagnosed as drought stress or disease (Vittum et al. 1999, Niemczyk and , resulting at times in inappropriate pesticide applications. Adults chew small notches into grass stems that may become oviposition sites for females (Brandenburg and Villani 1995) . Young larvae hatch and tunnel through the stems, leaving frass inside (Potter 1998) . Older larvae exit the stems and feed externally on crowns, stolons, and roots (Satterthwait 1931) . One generation occurs per year in the northern United States, but multiple overlapping generations occur in the South (Huang and Buss 2009) . Delayed detection of infestations can result in signiÞcant damage and difÞculty in management. Thus, we sought to quantify S. v. vestitus adult feeding damage and oviposition on 18 zoysiagrass cultivars, and discuss differences in feeding response of S. v. vestitus to Zoysia species.
Materials and Methods
Zoysiagrass Cultivar Response to S. v. vestitus Feeding. Pots (7.6 cm in diameter) of 10 Z. japonica cultivars (ÔBelairÕ, ÔCompadreÕ, ÔCrowneÕ, ÔEl ToroÕ, ÔEm-pireÕ, ÔJaMurÕ, ÔMeyerÕ, ÔPalisadesÕ, ÔUltimate FloraÕ, and ÔZenithÕ), seven Z. matrella cultivars (ÔCashmereÕ, ÔCavalierÕ, ÔDiamondÕ, ÔPristine FloraÕ, ÔRoyalÕ, ÔZeonÕ, and ÔZorroÕ), and one hybrid cultivar ÔEmeraldÕ (Z. japonica ϫ Zoysia tenuifolia Willd.) were established in a United States Golf Association-speciÞed sand from washed 5-cm-diameter plugs. Pots were maintained for 3 mo in a sun-emitted greenhouse in Gainesville, FL, fertilized monthly at 48.87 kg N/ha using a 10-10 Ð10 fertilizer, irrigated as needed, and trimmed weekly to a height of 5 cm. Daily greenhouse temperatures ranged from 15 to 32ЊC with a photoperiod of 14:10 (L:D) h, and the average soil temperature was 19.4ЊC.
Adults of S. v. vestitus were Þeld-collected on Bermuda grass at the University of Florida Plant Science Unit in Citra, FL (Marion County), within 24 h of the experiment. Two separate trials were conducted in the greenhouse in separate years, both using a randomized complete block design. Two males and females of S. v. vestitus were randomly selected and conÞned onto each pot within 24 h of collection. Adult age and mating status were unknown. Five replicates (pots) per cultivar were conducted in trial 1 (January to February, 2008) , and six replicates were conducted in trial 2 (June to July, 2010). An additional Þve replicates per cultivar in trial 1 and six replicates per cultivar in trial 2 were noninfested controls. Each pot was encircled with transparency Þlm papers (3M, Austin, TX) to a height of 15 cm above the soil surface to conÞne adults in pots and allow near-normal light intensity and ventilation. Experiments were conducted in the sun-emitted greenhouse where adult S. v. vestitus were caged for 1 mo and pots were irrigated daily during the test. Daily greenhouse temperatures ranged from 15 to 23ЊC (trial 1) and 25Ð31ЊC (trial 2) with a photoperiod of 14:10 (L:D) h. After 1 mo of infestation, transparency papers were removed and pots were visually evaluated by three observers using an agronomic trait scale for percentage of live cover, PLC (0 Ð100%), color (1 ϭ brown, 9 ϭ dark green), density (1 ϭ thin, 9 ϭ dense), and overall turfgrass quality (1 ϭ poor, 9 ϭ excellent; Morris and Shearman 2007) . Pots were then destructively sampled to recover all S. v. vestitus life stages. The total number of feeding notches per pot and the stem diameters where damage occurred were measured using a dissecting binocular scope and ocular micrometer.
Statistical Analyses. A one-way ANOVA (PROC GLIMMIX; SAS Institute 2009) was conducted to detect the effect of Zoysia cultivars on S. v. vestitus feeding and oviposition. Cultivar was modeled as a Þxed effect and replicates were modeled as a random effect. The response variables, number of immatures (eggs ϩ larvae) found, and total number of feeding notches, were subjected to a logarithmic transformation (Zar 1999 ) before each analysis, but nontransformed data are presented in the text and table. Treatment means were separated using the LSMEANS test (P Ͻ 0.05) and Tukey adjustment for multiple comparison corrections. A t-test (PROC TTEST; SAS Institute 2009) was conducted to compare agronomic traits between infested and control pots. To determine the effect of Zoysia spp. response to the feeding of S. v. vestitus, agronomic traits from all Zoysia cultivars within each species were pooled and analyzed using a one-way ANOVA (PROC GLIMMIX; SAS Institute 2009). To assess if cultivars differed among Zoysia species in response to S. v. vestitus feeding, the agronomic traits of each cultivar were compared within each species using a one-way ANOVA (PROC GLIMMIX; SAS Institute 2009). The percentage of live cover (PLC) was arcsine transformed, whereas a logarithmic transformation was performed on turf color, density, and overall quality before analysis (Zar 1999) , with nontransformed data presented in the text and table. Treatment means were separated using the LSMEANS test (P Ͻ 0.05) and Tukey adjustment for multiple comparison corrections. The correlations between stem diameter and the number of immatures or feeding notches per pot were examined using Spearman correlation coefÞcients analysis (PROC CORR). Stem diameters of all cultivars within each Zoysia spp. were pooled and compared between Z. japonica and Z. matrella using a t-test (PROC TTEST; SAS Institute 2009).
Results
Adult S. v. vestitus mortality after 1 mo of conÞnement was greatest in Pristine Flora pots (30%), followed by Cashmere (25%), Crowne (20%), Diamond and Cavalier (15% each). Mortality in the rest of the cultivars was Ͻ10%. SigniÞcantly positive correlations between stem diameter and number of notches (Spearman correlation coefÞcients ϭ 0.6847) or between stem diameter and number of immatures (Spearman correlation coefÞcients ϭ 0.6382) occurred irrespective of which Zoysia species was tested. However, t-tests showed that stem diameters were signiÞcantly greater in Z. japonica cultivars (1.3 Ϯ 0.04 mm) than in Z. matrella cultivars (1.0 Ϯ 0.04 mm; t ϭ 15.88; P Ͻ 0.0001).
There were no signiÞcant differences when the number of immatures (eggs ϩ larvae) and feeding notches among 10 Z. japonica cultivars in trial 1 were compared (Table 1 ). However, in trial 2 there was a signiÞcant difference in the number of notches per pot among Z. japonica cultivars, but not in the number of immatures found (Table 1) . SigniÞcantly more feeding notches were found in Meyer and Zenith than Crowne, El Toro, and Ultimate Flora. Among the seven Z. matrella cultivars, although not signiÞcant in trial 1 (Table 2) , both numbers of immatures and notches were signiÞcantly different in trial 2 where Cashmere had the most immatures and notches found per pot (Table 2 ).
In the trial 1 comparison between infested and control pots, PLC was signiÞcantly different in all Z. japonica cultivars except for Empire and Ultimate Flora. In the case of Z. matrella cultivars, only Royal, Zeon, and Zorro proved to be signiÞcantly different from the control (Table 3) . Turf color signiÞcantly differed between the infested and control pots in all Z. japonica cultivars except for Empire, but did not signiÞcantly differ among most Z. matrella cultivars except for Zeon and Zorro (Table 3) . Turf density was signiÞcantly different between the infested and control pots in most Z. japonica cultivars except for El Toro and Ultimate Flora, but was not signiÞcantly different in any Z. matrella cultivars (Table 3 ). The overall turf quality differed between the infested and control pots in all Z. japonica cultivars, but not in most Z. matrella cultivars except for Royal, Zeon, and Zorro (Table 3) . PLC, turf color, and turf quality were all signiÞcantly different between the infested and control pots in the hybrid species, Emerald, but not turf density (Table 3) .
In trial 2, PLC was signiÞcantly different between the infested and control pots in all Z. japonica cultivars, but infested and control plots differed only among four of the seven Z. matrella cultivars (Cavalier, Diamond, Royal, and Zorro; Table 4 ). Turf color did not differ between the infested and control pots in most of the Z. japonica cultivars, except for Belair and Zenith, and did not differ among all Z. matrella cultivars (Table 4) . Turf density signiÞcantly differed between the infested and control pots in all Z. japonica cultivars except for Ultimate Flora, and signiÞcantly differed among most Z. matrella cultivars except for Cashmere, Pristine Flora, and Zeon (Table 4 ). The overall turf quality was signiÞcantly different between the infested and control pots in all Z. japonica cultivars, and was signiÞcantly different in most Z. matrella cultivars except for Cashmere, Pristine Flora, and Zeon (Table 4) . PLC, turf density, and turf quality were all signiÞcantly different between the infested and control pots in the hybrid species, Emerald, except for turf color (Table 4) .
SigniÞcant differences in PLC, turf color, turf density, and turf quality were apparent when examining the differences among agronomic traits in 10 Z. japonica cultivar responses to S. v. vestitus feeding in both trial 1 (Table 5 ) and trial 2 (Table 6 ). The cultivars Crowne, El Toro, Meyer, and Palisades had signiÞcantly higher PLC than Belair, Compadre, Empire, and Zenith in trial 1 (Table 5) . In trial 2, the cultivars Crowne, El Toro, Empire, JaMur, Meyer, and Ultimate Flora had signiÞcantly higher PLC than Belair, Compadre, and Zenith (Table 6 ). El Toro, JaMur, and Meyer had signiÞcantly better turf color than Belair, Compadre, and Zenith in trial 1 (Table 5) , and El Toro, JaMur, and Meyer had signiÞcantly better turf color than Belair, Palisades, and Zenith in trial 2 (Table 6). Crowne, El Toro, and JaMur had signiÞcantly better turf density than Belair, Compadre, Empire, and Zenith in trial 1 (Table 5) , and Crowne, El Toro, JaMur, and Meyer had signiÞcantly better turf density than Belair, Compadre, and Zenith in trial 2 (Table 6) . JaMur had signiÞcantly better turf quality than Belair, Compadre, El Toro, Empire, Ultimate Flora, and Zenith in trial 1 (Table 5) , and El Toro and JaMur had signiÞcantly better turf quality than Belair, Compadre, Empire, Palisades, and Zenith in trial 2 (Table 6 ).
SigniÞcant differences in PLC, turf color, turf density, and turf quality were detected when S. v. vestitus were conÞned onto seven Z. matrella cultivars in trial 1 (Table 7) and trial 2 (except for turf color; Table 8 ). In general, Diamond and Pristine Flora had signiÞ-cantly greater PLC than Cashmere, Royal, Zeon, and Zorro in trial 1 (Table 7) , and Cashmere, Diamond, Pristine Flora, and Zeon had signiÞcantly greater PLC than Cavalier, Royal, and Zorro in trial 2 (Table 8) . Cavalier, Diamond, and Pristine Flora had signiÞ-cantly better turf color than Cashmere and Zorro in trial 1 (Table 7) , but cultivars in trial 2 did not significantly differ (Table 8) . Diamond, Pristine Flora, and Royal responded signiÞcantly better in turf density than Cashmere, Cavalier, Zeon, and Zorro in trial 1 (Table 7) , and Cashmere, Diamond, Pristine Flora, and Zeon had signiÞcantly better turf density than Cavalier, Royal, and Zorro in trial 2 (Table 8) . Diamond and Pristine Flora responded to infestation with signiÞcantly better turf quality than Royal and Zorro in trial 1 (Table 7) , and Cashmere, Diamond, Pristine Flora, and Zeon had signiÞcantly better turf quality than Cavalier, Royal, and Zorro in trial 2 (Table 8) .
Differences in agronomic traits among Zoysia spp. in response to the feeding of S. v. vestitus occurred in both trials (Table 9 ). In general, Z. matrella cultivars had superior PLC, turf color, turf density, and turf quality than Z. japonica and hybrid cultivars in trial 1. Similarly, Z. matrella cultivars in trial 2 had signiÞ-cantly better PLC, turf color, turf density, and turf (Table 9) .
Discussion
Turfgrass resistance to billbugs is often evaluated by determining larval densities from natural infestations that develop in Þeld plots (Kindler et al. 1982 , Asay et al. 1983 . Although older S. v. vestitus larvae are considered the most damaging life stage in such Þeld studies (Potter 1998 , Young 2002 , observations of southern corn billbug, Sphenophorus callosus Olivier, adults that often kill or deform seedling corn (Wright et al. 1982) suggest that S. v. vestitus adults may also be capable of severe damage. There has long been recognition of the need to quantify damage potential of adult S. v. vestitus (Anonymous 1966 , Baker 1986 ) so that a more comprehensive understanding of the full pest potential of S. v. vestitus might be developed. Adults are readily found on the soil surface at night and are easily identiÞed by their pronotal patterns (Vaurie 1951) , and are therefore candidates for more intensive studies. Because S. v. vestitus needs at least 2 mo to develop from egg to adult under Florida conditions (Huang and Buss 2009) , and given the short duration of our tests, it is unlikely that later instar larvae were responsible for the damage caused to the pots of turfgrass. Our tests clearly point out the role that adult S. v. vestitus may have had in causing signiÞcant turfgrass damage.
The numbers of feeding notches and immatures were positively correlated with the diameter of damaged tissue, and Z. japonica cultivars generally had larger stem diameters than Z. matrella cultivars. However, additional behavioral tests could conÞrm adult assessment and selection of certain sized stems for feeding or oviposition. Although different parameters were measured, Reinert et al. (2011) reported that lateral branching on the rhizome at a severed point on a Z. matrella plant could compensate for larval billbug feeding damage. This compensatory growth may increase Z. matrella tolerance to billbug feeding, and rarely occurs among Z. japonica cultivars (Reinert et al. 2011) , but this was not evaluated in our study. Means followed by the same letter, within each column for each agronomic trait, are not signiÞcantly different (P Ͻ 0.05; LSMEANS test). Means followed by the same letter, within each column for each agronomic trait, are not signiÞcantly different (P Ͻ 0.05; LSMEANS test). Variations in S. v. vestitus adult feeding damage and number of offspring per pot were apparent between zoysiagrass species. Although signiÞcant cultivar differences were absent in the Þrst trial, signiÞcant differences in the number of feeding notches among cultivars of Z. japonica and Z. matrella in the second trial pointed to distinct feeding preferences for adult S. v. vestitus. Crowne, El Toro, and Ultimate Flora were more tolerant than other Z. japonica cultivars, whereas Meyer and Zenith were the most susceptible to S. v. vestitus damage. Among the seven Z. matrella cultivars, Cashmere was the most susceptible to attack by S. v. vestitus. Reinert and Engelke (2001) reported that four cultivars of Z. matrella [Cavalier, Diamond, Royal, and Zorro (ÕDALZ 9601Õ) ] were resistant to S. v. vestitus, and the Z. japonica cultivar Meyer was the most susceptible among the nine cultivars. Although different parameters were used, Reinert et al. (2011) reported that Diamond was the most resistant cultivar to S. v. vestitus feeding.
An identical number of uninfested zoysiagrass pots were included for comparison with infested pots for each cultivar in response to S. v. vestitus feeding. Given the poorer agronomic ratings of billbug-infested pots compared with the uninfested control pots in each Z. japonica cultivar, the differences cannot just be attributed to normal cultivar variability. Some variation in agronomic traits between the control and infested pots of the Z. matrella cultivars also occurred. However, turf quality in both infested and uninfested pots of Cashmere and Pristine Flora were similar in both trials, suggesting that some tolerance to adult S. v. vestitus feeding may exist, at least for a 1-mo period. It is interesting to note that Cashmere had more feeding notches and immatures recorded than other Z. matrella cultivars in our study, but Cashmere still had similar agronomic traits in both infested and uninfested pots.
Variation in response to adult S. v. vestitus feeding occurred among cultivars of Z. japonica in our study.
Crowne, El Toro, JaMur, and Meyer showed superior agronomic traits under pressure of S. v. vestitus feeding while Belair and Zenith were consistently the lowest ranked of all cultivars. Similar variation occurred among Z. matrella cultivars with Diamond and Pristine having superior agronomic traits relative to other cultivars in both trials. Overall, Z. matrella cultivars held up best to infestation by S. v. vestitus based on superior agronomic traits compared with Z. japonica cultivars and the hybrid species, Emerald. However, differences in response to adult S. v. vestitus feeding also occurred within each Zoysia species. Similarly, Reinert et al. (2011) concluded that four Z. matrella cultivars were resistant while the Þve Z. japonica cultivars were highly susceptible to S. v. vestitus damage, but cultivars within each Zoysia species demonstrated a range of resistance or susceptibility.
It is interesting to note that Meyer was reported to exhibit the most leaf-Þring and ranked lowest compared with other Z. japonica cultivars against larval feeding by S. v. vestitus (Reinert et al. 2011) . However, in our study, most agronomic traits on Meyer performed similar to other superior tolerant cultivars such as Crowne, El Toro, and JaMur in response to S. v. vestitus infestation. Fry et al. (2012) reported that zoysiagrass progeny from the crosses associated with Meyer ϫ Diamond or Meyer ϫ Emerald tolerated bluegrass billbug, S. parvulus, damage better than Meyer itself. Future research is needed to evaluate the effect of crossing zoysiagrass progeny, such as Z. japonica ϫ Z. matrella or Z. japonica ϫ hybrid, to S. v. vestitus infestation. Based on our results, cultivars among Z. matrella are recommended for home gardeners and turfgrass managers to avoid S. v. vestitus damage in warm season turfgrass, especially Diamond and Pristine Flora. In addition to billbug resistance, Diamond also exhibited good resistance to other turfgrass pests, such as fall armyworm, Sp. frugiperda, tawny mole cricket, Scapteriscus vicinus Scudder, and Rhodesgrass mealybug, Antonina graminis Maskell (Reinert et al. 2004) .
The numbers of S. v. vestitus immatures and feeding notches varied between the two years, possibly because the two trials occurred in different seasons. Higher summer temperatures and relative humidity (trial 2) could potentially have increased billbug feeding and oviposition. Although Þeld-collected S. v. vestitus were of unknown age and quality, which also may have increased variability, Huang and Buss (2009) demonstrated that S. v. vestitus on Florida golf courses reproduce throughout the year, with overlapping generations.
In addition, as a nonchemical control option, endophytic perennial ryegrass (Ahmad et al. 1986 , Richmond et al. 2000 and endophytic tall fescue (Murphy et al. 1993 ) can reduce S. parvulus larval population density and feeding damage in cool season turfgrass. Huang and Buss (2013) similarly studied the effect of overseeding Bermuda grass with endophyte-enhanced perennial ryegrass on S. v. vestitus, for potential use in the southern United States. Turfgrass breeding efforts to develop improved cultivars of zoysiagrass with potential resistance to S. v. vestitus are needed to implement an effective integrated pest management program in the southern United States.
